We experimentally demonstrate the use of AMOOFDM format for remote modulation of low-bandwidth RSOA as a cost effective solution for 10 Gbit/s upstream transmission in 20 km single fiber WDM-PON architecture.
Introduction
With the rapid growth of very high broadband services, an increase of bandwidth in optical access network will be needed. Indeed, discussions at FSAN and IEEE are targeting a bit rate of 10 Gbit/s for future PON systems. Wavelength Division Multiplexing Passive Optical Network (WDM-PON) has been extensively investigated for future broadband access network. In order to centralise wavelength management of the channels at the Central Office (CO), a key element in a WDM-PON is the colourless optical amplifier and modulator at the optical network unit (ONU). The use of reflective semiconductor optical amplifiers (RSOAs) in access network has attracted a lot of attention for more than 10 years [1, 2] as a low-cost solution. In addition, investigation on 10 Gbit/s upstream transmission in RSOA-based PON systems has recently been reported [3] . However, this solution was achieved in a two-fiber architecture with optical filtering and electronic equalization at the CO.
In this paper, we demonstrate for the first time up to 10 Gbit/s RSOA operation using Adaptively Modulated Optical Orthogonal Frequency Multiplexing (AMOOFDM) modulation. We investigate the performance of a 1-GHz electrical bandwidth RSOA in WDM-PON single-fiber architecture, using 10 Gbit/s AMOOFDM modulation in an electrical frequency band of only 2.5 GHz. AMOOFDM is a multi-carrier transmission technique, where a high data rate stream is split into many lower rate sub-streams [3] , allowing low-cost implementation with conventional low bandwidth components. Figure 1 presents the experimental scheme of WDM-PON single fiber architecture. At the CO, a CW signal at 1530 nm and 2 dBm power generated by a tunable laser was injected into the downstream direction. A circulator having 1 dB insertion loss was used to separate downstream and upstream signals. The link consists of 20 km SMF fiber, an optical variable attenuator and a Wavelength Division Multiplexer. At the ONU, an incoming 10 Gbit/s binary data sequence is divided into N parallel sub-carrier data streams. All sub-carrier data streams are then converted into complex values according to an m-QAM (Quadrature Amplitude Modulation) mapping, which is chosen according to the frequency response and noise of the transmission link (figure 2, top). In this experimentation, we used 128 sub-carriers in which 63 sub-carriers carry input data, one sub-carrier contains no power, and the remaining 64 sub-carriers are complex conjugates of the aforementioned sub-carriers so as to obtain a real-value AMOOFDM signal. No cyclic prefix was used. The signal has an electrical bandwidth of 2.5 GHz.
Experimental set up

Figure 1: Experimental setup
The 10 Gbit/s AMOOFDM digital signal was generated by MATLAB and uploaded into a Tektronix arbitrary waveform generator (AWG) working at 10 GS/s which then converted the digital signal to an analogue signal for modulation. The upstream optical signal was modulated by an RSOA at the ONU before re-injection into the transmission link. The RSOA has a 3-dB electrical bandwidth of only 1 GHz (inset of figure 2, top). The RSOA input CW power from a tunable laser was set to -10 dBm. At the CO, the upstream optical signal is detected by a square-law photo-detector (avalanche photodiode). The received AMOOFDM signal is captured by a real time digital 12 GHz sampling oscilloscope at 40 GS/s. 781 symbols are captured and processed. 
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In the initial stage of establishing a connection over an SMF link, negotiation takes place between the transmitter and the receiver to identify the highest signal modulation format that should be used on each sub-carrier. Generally, the M-QAM mapping is chosen so that high (low) modulation format is used on a subcarrier suffering from a low (high) transmission loss. In our experiment, the signal modulation format can vary from QPSK to 32-QAM (figure 2, top) and the power was the same for all sub-carriers. Total data rate is 9.987Gbit/s. Bit Error Rate (BER) is evaluated from computation of the Error Vector Magnitude (EVM) of the different sub-carriers ( figure 2, in between) . The total BER (BERtotal) of the received transmission data is averaged from all 63 sub-carriers [3] . A high modulation format is always preferred if BERtotal remains at 10 -3 or better, which, by combining with FEC such as block-turbo code-based FEC, will be reduced to <10 -12 [4] .
Figure 2: Received AMOOFDM upstream signal result at -22dBm received optical power -modulation level and RSOA frequency response (top), EVM (in between), and BER (bottom)
As shown on the figure 2 (bottom), all sub-carriers have a BER between 10 -3 and 10 -6 at -22 dBm received optical power. An average BERtotal of 1.27.10 -4 is computed for 20 km transmission. A penalty of 2.5 dB was measured compared to the back to back (BTB) transmission due to Rayleigh Backscattering (RB) noise (the sensitivity is considered at a BER of 10 -4 ). With -1 dBm optical power at the fiber input, we have 9 dB total optical budget on the link (total optical loss between OLT and ONU). We also have evaluated transmission at different wavelengths. As shown on figure 3 , the transmission was possible over a BERtotal of 10 -4 between 1520 and 1550nm (30nm optical bandwidth). 
Conclusions
With a primary objective to have cost effective colourless ONU modules for next generation PON systems, we propose the use of AMOOFDM modulation applied to low-cost and low-bandwidth components. We experimentally demonstrate for the first time that despite the low electrical bandwidth of RSOA (1 GHz), 10 Gbit/s signal was successfully transmitted on 20 km SMF fiber over 30 nm optical bandwidth in single-fiber WDM-PON architecture, by using 2.5 GHz AMOOFDM modulation. The transmission performance can be optimized further with the help of FEC and negotiation between transmitter and receiver. This solution is promising for low-cost 10 Gbit/s modules and colourless WDM access upgrade up to 10 Gbit/s. This work was performed in the framework of European BONE network of excellence, Alpha project and the French ANTARES and AROME projects.
